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SUMMARY

An international questionnaire survey has been conducted to define better
the natural history of homocystinuria due to cystathionine P-synthase
deficiency and permit evaluation of treatment. Data were compiled for
629 patients. Among patients not discovered by newborn screening, B6-
responsive individuals on the average have significantly better mental
capabilities (mean IQ, 79) than do B6-nonresponsive individuals (mean
IQ, 57). Time-to-event curves are presented for the other major clinical
abnormalities produced by this disease. Each occurred at significantly
lower rates in untreated B6-responsive than in untreated B6-nonresponsive
patients, as shown by the following examples: (1) dislocation of optic
lenses (at age 10, chances of dislocation: 55% and 82%, respectively);
(2) initial clinically detected thromboembolic events (at age 15, chances
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of having had such an event: 12% and 27%, respectively); (3) radiologic
detection of spinal osteoporosis (at age 15, chances of such osteoporosis
having been detected: 36% and 64%, respectively); and (4) mortality
(at age 30, chances of not surviving: 4% and 23%, respectively). Me-
thionine restriction initiated neonatally prevented mental retardation,
retarded the rate of lens dislocation, and may have reduced the incidence
of seizures. Pyridoxine treatment of late-detected B6-responsive patients
retarded the rate of occurrence of initial thromboembolic events. Fol-
lowing 586 surgical procedures, 25 postoperative thromboembolic com-
plications occurred, six of which were fatal. Reproductive histories
were reported predominately for B6-responsive patients. Living offspring
of either men or women patients had few abnormalities. The evidence
is inconclusive whether untreated maternal cystathionine P-synthase
deficiency leads to excessive fetal loss. Only 13% of patients detected
in screening programs of newborns and classified as to B6-responsiveness
were B6-responsive, compared to 47% among late-detected patients.
Current screening programs that identify neonatal hypermethioninemia
may be preferentially failing to detect B6-responsive patients.

INTRODUCTION

Homocystinuria due to cystathionine P-synthase deficiency is a genetically de-
termined inborn error of the transsulfuration pathway biochemically characterized
by increased plasma homocyst(e)ine and methionine and decreased cyst(e)ine.
The disease was discovered in 1962, when mentally retarded individuals were
screened for abnormal urinary amino acids [1, 2]. Two years later, the enzyme
defect, deficient activity of cystathionine P-synthase, was demonstrated [3]. *
The major clinical manifestations include mental retardation, dislocation of the
optic lens (ectopia lentis), skeletal abnormalities, and a tendency to thromboembolic
episodes [6].
Once the enzyme defect and the major biochemical aberrations had been defined,

dietary therapy based upon methionine restriction and L-cystine supplementation
was suggested. This regimen resulted in some degree of control of the biochemical
abnormalities, and largely anecdotal evidence emerged that such treatment from
the newborn period could prevent or delay clinical manifestations [7-10]. Sub-
sequently, it was found that some patients on normal diets respond biochemically
to large doses of vitamin B6t with decreases in plasma homocyst(e)ine and changes
of plasma methionine and cyst(e)ine concentrations toward normal [11], while
others do not so respond. Evidence now available strongly indicates that such

* Several other enzyme lesions are now known that also lead to excretion of excess homocystine
(homocystinuria) [4, 5]. In this paper, we will deal only with homocystinuria due to cystathionine
,B-synthase deficiency, and the condition will be designated by the latter name.

t Vitamin B6 will hereafter be referred to as B6 or pyridoxine.
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B6-responsiveness, or lack thereof, is one manifestation of a considerable hetero-
geneity in the mutations producing deficiencies of cystathionine P-synthase activity
[6]. Since 1967, many patients have been given trials or prolonged periods of
dietary and/or pyridoxine therapy. These therapeutic trials were carried out in
the absence of any randomly selected, untreated control population. More recently,
the use of aspirin and dipyridamol has been suggested to prevent thrombosis
[12], but neither has been subjected to rigorous testing. Other workers have
advocated the administration of betaine to reduce concentrations of homocysteine
[13, 14].
Only a few years elapsed between discovery of cystathionine P-synthase de-

ficiency and initiation of various therapies. Consequently, there was little op-

portunity to accumulate knowledge about the natural history of the condition. It
is clear, however, that the age of onset and the severity of clinical manifestations
vary widely among affected individuals. Thus, the prevalence and natural history
of each of the pleiotropic features remain uncertain. Few data are available upon

the impact of maternal cystathionine P-synthase deficiency on reproductive potential
and on the fetus. The effects of genetic heterogeneity, as indicated, for example,
by B6-responsiveness or B6-nonresponsiveness, on each of these manifestations
are largely undefined. These gaps in our knowledge impede realistic assessment
of the efficacy of various therapies. Since homocystinuria due to cystathionine
P-synthase deficiency is a relatively rare disease [6], no single physician or center
has accumulated a sufficiently large sample of patients to address these questions.
Therefore, we have conducted a worldwide questionnaire survey and collected
information in a standardized format on more than 600 patients with homocystinuria
due to proven or presumed deficiency of cystathionine 3-synthase. Our results,
presented in this report, clarify some of the major uncertainties about the natural
history of the disease and the role of genetic heterogeneity. They also establish
baselines for future evaluation of the effects of treatment in this disease.

METHODS

Data Base

A standardized questionnaire was designed and mailed to each clinician known from a

previous study [15] to be caring for patients with cystathionine 0-synthase deficiency.
Physicians were asked to complete a questionnaire for each such individual about whom
they had appropriate information. To encourage participation, the questionnaire was kept
relatively simple.* Each patient was identified by first name, first two letters of family
name, birth date, and sex. Affected relatives were specified. Further questions focused
upon the factor(s) that led to ascertainment, whether the patient was responsive to B6,
and upon the presence and age of appearance of major clinical manifestations. A detailed
history of therapy was requested, as well as a reproductive history. To permit use of rel-
evant published material, the respondent was asked to identify articles concerning a given
patient. Additional sources of information were identified by a review of the literature
and by contacting centers around the world specializing in diagnosis and management of
inborn errors of metabolism. Further, physician cooperation was solicited by notices in

* Copies of the questionnaire are available through the National Auxiliary Publications Service
(see footnote t to page 10).
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appropriate journals. For some patients upon whom recent information could not be obtained,
the study coordinators completed questionnaires chiefly or solely on the basis of published
material. Such patients were included only when sufficient details were available to prove
that they did not overlap with any patient otherwise included in the study. Data collection
occurred during 1982 and early 1983. Data from the completed questionnaires were entered
into a computer and verified by proofreading a print-out of the computer data against the
original questionnaires. A computer search for duplication due to a single patient having
been reported upon by two different physicians detected several such instances, and the
redundant information was deleted.

Statistical Analyses

Time-to-event curves were calculated according to the product-limit estimate method
of Kaplan and Meier [16]. Comparisons among the curves for statistically significant
differences were performed by the procedures of Gehan [ 17] and Breslow [ 18]. For evaluation
of treatments, numbers of expected events were calculated according to the nonparametric
procedures described by Turnbull et al. [19]. Differences between numbers of observed
and expected events were tested for statistical significance according to the same procedure.

RESULTS

The Study Population and Criteria for Acceptance into Study

For the present survey, updated information was received concerning 532
homocystinuric patients with proven or presumed cystathionine P-synthase de-
ficiency. To this group was added material on an additional 97 patients obtained
primarily from published reports [7, 9, 20-55], bringing the total to 629 patients.
All patients admitted to the study had been demonstrated to be excreting homo-
cystine. To restrict the population to cystathionine P-synthase-deficient individuals
(thus excluding other causes of homocystine excretion [4-6]), either (1) cysta-
thionine P3-synthase deficiency had to have been demonstrated directly by enzyme
assay or (2) the patient had to have either hypermethioninemia or dislocated optic
lenses. Table 1 shows the similar percent distributions of these findings in patients
with and without confirmation of the diagnosis by enzyme assay.

TABLE 1

CRITERIA FOR ACCEPTANCE OF PATIENTS INTO STUDY

ENZYME ASSAY

Performed* Not performed

Dislocated lens and hypermethioninemia ...... ............ 147 (68.0%) 274 (66.3%)
Dislocated lens only ............. ....................... 21 (9.7%) 75 (18.2%)
Hypermethioninemia only .......... ..................... 39 (18.1%) 64 (15.5%)
Neither of above ................ ....................... 9 (4.2%) 0 (0%)

Total ............................................... 216 (100%) 413 (100%)

* The following tissues were used for enzyme assays (followed by no. patients, in parentheses): liver (27);
both liver and cultured fibroblasts (13); cultured fibroblasts (170); brain (1); phytohemagglutinin-stimulated
lymphocytes (3); transformed lymphocytes (1); cultured fibroblasts and phytohemagglutinin-stimulated lym-
phocytes (1).
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TABLE 2

CLINICAL FEATURES LEADING TO INVESTIGATION FOR HOMOCYSTINURIA

Contributory Total in
Sole cause cause* which a cause

Clinical feature (% of patients) (% of patients) (% of patients)

Ectopia lentis ....................... 20.6 65.0 85.6
Mental retardation .4.0 51.7 55.7
Developmental retardation .1.5 21.0 22.5
Early thromboembolic disorder .1.1 15.0 16.1
Marfanoid characteristics .0.9 36.0 36.9
Bony abnormality .0.2 23.3 23.5
Seizures .0.2 3.0 3.2
Behavioral or psychiatric disorder 0 2.8 2.8
Othert .0.4 10.6 11.0

NOTE: Based on data for 472 patients not ascertained as a result of screening of newborns or screening of all
sibs of a proband.

* Includes all patients with the specified feature, as well as at least one other, reported as leading to investigation
for homocystinuria.

t Includes a variety of manifestations, none of which was a cause in as many as 2% of the population.

Of the 629 patients, 307 were females and 321 males, close to the expected
ratio of 1:1. The sex of one patient was not specified. Sixty-four patients (10.2%)
were dead at the time of reporting.

Ascertainment

Data on factors leading to investigation of patients for homocystinuria were
available for 618 patients. Of these, 58 were discovered during screening of
newborns, and an additional 88 were discovered by screening all siblings after
detection of homocystinuria in a proband, leaving 472 patients ascertained on
the basis of clinical features. Table 2 displays the frequencies at which each of
the major clinical manifestations was the sole reported cause of investigation for
homocystinuria or was a contributory cause. Most patients were investigated
because of more than one clinical feature, the major exception being the almost
21% initially investigated solely because of ectopia lentis.

B6-Responsiveness

Of the 629 patients, 231 (36.7%) were classified as biochemically responsive
to B6 when not folate depleted; 231 (36.7%) were classified as nonresponsive to
B6; 67 (10.7%) were judged intermediate in response; and 100 (15.9%) had not
been classified. For subsequent analyses in this presentation, neither the "inter-
mediate-response" group, although this may include patients with a biochemically
significant response, nor unclassified patients were included in groups designated
as "B6-responsive" or "B6-nonresponsive."
The relative frequencies of B6-responsive and B6-nonresponsive patients among

at least two subgroups of the total population differed markedly from the overall
frequency. Among the 55 patients who had been both discovered by newborn
screening and classified with respect to B6-responsiveness, seven (12.7%) were
B6-responsive, 43 (78.2%) were nonresponsive, and five (9.1%) were intermediate
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in response. Thus, the ratio of responders to nonresponders was 1:6 in this subgroup.
Among 25 patients who were not hypermethioninemic when untreated and who
had been classified with respect to B6-responsiveness, 21 (84%) were responsive,
two (8%) were nonresponsive, and two (8%) were intermediate in response,
yielding a ratio of responders to nonresponders of 10:1.

For many sibships, more than one affected member had been classified as to
B6-responsiveness. Table 3 shows that among such sibs there was almost complete
concordance of responsiveness or nonresponsiveness. In no case was a patient
judged fully responsive when one of his or her sibs was judged fully nonresponsive.

Hypermethioninemia
Among the patients for whom data were available concerning the presence or

absence of hypermethioninemia in the untreated state, 524 (93.6%) were hyper-
methioninemic and 36 (6.4%) were not. As expected from the relative prepon-
derance of B6-responsive patients among those who were not hypermethioninemic,
10% of untreated B6-responders were not hypermethioninemic, whereas less than
1% of untreated B6-nonresponders were not hypermethioninemic.

Mental Capabilities
Responding physicians were asked to rate the mental capabilities of patients

in several ways:
(1) IQ. A plot of the distribution of IQ's among all patients for whom such

data were available is shown in figure 1. To eliminate any effect of very early
therapy, data on patients discovered by newborn screening were not used in
constructing these plots of IQ or in the alternative analyses of mental capabilities
discussed in the following sections. Figure 1 demonstrates a very wide range in
patient IQ's-from 10 to 138. The median of the cumulative frequency curve
was at an IQ of approximately 64. The curve for patients classified as B6-responders
was shifted toward higher IQ's (median 78), whereas that for patients classified
as B6-nonresponders was shifted toward lower IQ's (median 56). As a result,
only about 4% of B6-nonresponders had IQ's of 90 or above, but 22% of B6-
responders had values in this range. The difference between the mean IQ for B6-

TABLE 3

CONCORDANCE OF B6--RESPONSIVENESS IN SIBLINGS

FIRST SIB: B6-RESPONSIVENESS
ADDITIONAL SIBS:

B6-RESPONSIVENESS Yes Int. * No y

Yes . 56 ... ... 56
Int.* ..1 10 2 13
No ................... ... 50 50
M. 57 10 52 119

NOTE: Based upon 104 sibships (total of 223 sibs) in which more than one
sib had been classified with respect to B6-responsiveness.

* Int. = intermediate.
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FIG. 1.-Distributions of IQ's among patients not detected by newborn screening. The curves are
based on the following nos. of patients with reported IQ's: all B6 categories, 284; B6-responders,
107; B6-nonresponders, 115. For any specified IQ value, the plots show the total percent of each
category of patients with IQ's equal to, or less than, the specified value.

responders (79) and that for nonresponders (57) was highly significant (P S
.0001).

(2) If no IQ value was available, physicians rated the patients as being either
"grossly retarded," "mildly retarded," 'average or above average intelligence,
but with a learning disability," or "average or above average intelligence." Table
4 shows the proportions of patients in each of these categories. The trends are
clearly the same as those resulting from IQ measurements, with 61% of the
patients being either grossly or mildly retarded, but only 38% of B6-responders
being so rated, and almost 85% of B6-nonresponders showing retardation. The
difference between the distributions of B6-responders and nonresponders was
again highly significant (P - .0001).

(3) If a proband had one or more documented nonhomocystinuric sibs, responding
physicians were asked to rate the proband's intelligence as either "below," the
"same" as, or "above" that of unaffected sibs. The results, table 4, follow a
similar trend, again with very significantly (P - .0001) higher ratings for B6-
responders than for B6-nonresponders.
To evaluate further the validity of the results described above, for each rating

method, the analyses were repeated after prior division of the patients into subgroups
consisting of those with a diagnosis confirmed by enzyme assay and those without
such confirmation. No substantial differences were noted between these two
subgroups.
To gain some insight into the influence of ascertainment bias on the ratings of

mental capabilities, the above analyses were repeated (1) after removal of the
few patients ascertained solely on the basis of mental retardation and (2) after
removal of all patients with mental retardation included as one factor in ascer-
tainment. The first procedure produced virtually no change; the second led, as
expected, to shifts toward higher IQ's among all groups. The medians of the
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FIG. 2.-Effect of early treatment on IQ of B6-nonresponsive patients. B6-nonresponsive patients
ascertained by newborn screening and treated with methionine restriction from early ages are each
represented by an open circle. The same patients are plotted in both panels A and B. The ages are
those at which the IQ's were measured. The comparison populations consist of B6-nonresponsive
patients not ascertained by newborn screening. Each such patient is represented by a closed triangle.
For comparison populations, the ages are: panel A, age at ascertainment; panel B, age at last follow-
up. The lines are regression lines calculated for the IQ's of the comparison populations: panel A,
IQ = 57.27 - (0.01567) x (age at ascertainment, in mos); mean IQ = 55.7 ± 2.6 (SEM); panel
B, IQ = 58.81 - (0.01827) x (age at last follow-up, in mos); mean IQ = 57.6 ± 1.9 (SEM).

cumulative IQ curves rose to 81 for patients in all B6 categories combined, to 86
for B6-responders, and to 64 for B6-nonresponders. Thus, the difference in median
IQ between B6-responders and nonresponders was essentially unchanged (about
22 points), and the difference in mean IQ remained highly significant (P S
.0001). Similar shifts occurred in the more qualitative alternative estimates of
mental capabilities, and again the differences between B6-responders and non-
responders remained highly significant (data not shown).

Effect of early treatment on mental capability. General experience with cys-
tathionine P-synthase-deficient patients has shown that late treatment rarely, if
ever, completely reverses mental impairment [6], although methionine restriction
or treatment with pyridoxine [56, 57] or betaine [13] have been reported to lead
to behavioral improvement and moderate increases in IQ [57], suggesting a re-
versible component to the mental disturbance of the untreated disease [57]. Early
treatment, however, might prevent the mental damage [10]. The effect of early
treatment is illustrated in figure 2. IQ's for B6-nonresponsive patients identified
as neonates and treated from very early ages with methionine restriction, usually
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accompanied by L-cystine supplementation (early-treated), are compared to IQ's
of B6-nonresponsive patients not detected by newborn screening (late-detected).
If treated at all, very few of the latter patients had commenced therapy at ages

of less than 1-2 years. IQ's of early-treated patients are plotted at the age of
measurement of the latest reported IQ. The ages of measurement of the IQ's for
the late-detected patients were not specified in the questionnaire. These IQ's are

plotted alternatively as a function of the age at ascertainment (panel A) or the
age at last follow-up (panel B). It is apparent that for these late-detected patients
severe impairment of IQ was manifest from early ages, and this impairment did
not change markedly as a function of age. * The IQ's of the early-treated patients
are higher, with little overlap with the late-detected groups at ages up to 7 to 8
(mean IQ = 94 ± 4 [SEM]; P < .001 compared to mean IQ of either late-
detected group).

Qualitative estimates of mental capabilities for the early-treated group are in
agreement with the above results. Of 23 patients without IQ measurements, one

(4%) was estimated to be grossly retarded, three (13%) mildly retarded, one (4%)
average with learning disability, and 18 (78%) to be average or above. These
values are very favorable compared to those in table 4 for late-detected B6-
nonresponsive patients.

For the 15 patients detected by newborn screening who were B6-responsive,
or were intermediate or unclassified as to B6 response, reported IQ's ranged from
82-110 (six patients), and all other patients were estimated to be of "average or

above average" intelligence. Most of these patients had been treated with me-

thionine restriction from the time of diagnosis, several had received B6 in addition,
and four (three responders, one intermediate) had been treated solely with vitamin
B6. Again, these results are highly favorable compared to those in table 4.

Dislocation of Optic Lenses

Data on ages of lens dislocation were analyzed according to the Kaplan and
Meier method, with the important stipulation that for each patient the only interval
considered was that prior to initiation of treatment specific for cystathionine 1-
synthase deficiency. Hence, a patient was removed from the group at risk for
lens dislocation (censored) at the time he or she started such treatment. The result-
ing time-to-event graphs are shown in figure 3.t These plots demonstrate that,

* The apparent tendency of IQ in the early-detected group to decrease after age 8 may to some

extent be due to a change in the method used to determine IQ. Prior to age 6, methods that measure

only verbal ability (e.g., Stanford-Binet) are generally used; thereafter, methods that evaluate per-

formance as well as verbal ability (e.g., WISC) are used increasingly. Some patients we have observed
received a markedly higher "verbal" than "performance" score on the WISC test and, correspondingly,
had lower overall IQ scores at ages when this test was used than at a younger age. The questionnaire
did not ask the responding physician to specify the type ofIQ test used, and further data would be
needed to evaluate fully the effects of this possible methodological change.

t The numerical values upon which this figure is based have been deposited with, and are available
through, the National Auxiliary Publications Service. See NAPS document no. 04244 for 17 pages

of supplementary material. Order from NAPSc/o Microfiche Publications, P.O. Box 3513, Grand
Central Station, New York, NY 10163. Remit in advance in U.S. funds only $7.75 for photocopies
or $4.00 for microfiche. Outside the U.S. and Canada, add postage of $4.50. $1.50 for microfiche
postage.
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FIG. 3.-Time-to-event graphs for lens dislocation in untreated patients. Patients were removed
from the at-risk groups upon commencement of any therapy. Probabilities were calculated according
to the Kaplan and Meier method [16] and are plotted on a logarithmic scale. Time points are plotted
only when they are the first or last for a given probability. Based on data for following nos. of
patients: B6-responsive, 231; B6-nonresponsive 231; all types, 628. Each plot is discontinued at the
time the no. of patients remaining at risk decreases to 10. For clarity, the graph for "all patients"
is plotted starting at age 4.

for all groups of patients, there was a lag period of approximately 2 years before
appreciable lens dislocation occurred. After age 2, lens dislocations began to be
detected, but at different rates in B6-nonresponders and B6-responders, so that
50% of untreated nonresponsive patients had dislocated lenses by age 6, whereas
for untreated B6-responsive patients, 50% dislocation was attained at approximately
age 10. After age 3, smoothed logarithmic plots are reasonable approximations
of straight lines for both groups. Thus, during this phase, approximately half of
the B6-nonresponsive patients who start an interval with intact lenses can be
expected to dislocate during the next 40 months, while for untreated B6-responders,
half can be expected to dislocate each 95-100 months. Statistically, the difference
between the time-to-event graphs for B6-responders and B6-nonresponders was
highly significant (P < .0001). Note, however, that these plots most correctly
represent the detection of lens dislocation rather than its actual occurrence. If a
patient had dislocated lenses at ascertainment, and his or her history did not
establish a prior time of dislocation, then dislocation was placed at the time of
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ascertainment. As a result, these curves represent maximum ages. Serial exam-
inations of untreated patients from early ages might well result in curves shifted
to earlier ages in such plots.

Effect of treatment on lens dislocation. An important property of the Kaplan-
Meier curves shown in figure 3 is that they furnish a statistical prognosis for an
untreated patient starting at any specified age. This permits assessment of the
effect of treatment on lens dislocation in an assorted group of patients who start
treatment at different ages and have been maintained on treatment for different
intervals. For each such patient, one can calculate the probability that, during
the interval he or she is at risk on treatment, lens dislocation would have occurred
had he or she not been treated.* The combined probabilities for a group of such
patients yield a predicted number of dislocations if they had been untreated or if
treatment is without effect. This number can be compared to the actual number
of dislocations that occurred during treatment. Table 5 displays such comparisons.
Among 24 B6-responsive patients with lenses intact who were given pyridoxine
(with or without folate) as initial and continuous treatment (column A), 8.4
dislocations would have been expected to occur during treatment, as calculated
from the time-to-event graph (fig. 3) if treatment had no effect. Five dislocations
occurred. This decrease is not statistically significant (P > .05). Column C takes
into account additional experience by including intervals of treatment that took
place after temporary interruption of the initial treatment or in which B6 therapy
followed earlier periods of dietary treatment. The decrease in the number of lens
dislocations observed below those expected now became statistically significant.

In table 5, B6-nonresponsive patients are separated into "late-detected" and
"early-treated" (i.e., those identified by newborn screening). No effect of therapy
was observed among the few "late-detected" B6-nonresponsive patients who had
intact lenses at the time they were started on dietary therapy. Among "early-
treated"patients, however, for each treatment regimen evaluated, the number of
dislocations observed was significantly below the number expected (P c .001),
suggesting that therapy may be beneficial when begun in early infancy. Since six
of these patients had suffered lens dislocations, the benefit may be more in delaying
the time of lens dislocation rather than in absolute prevention. Follow-up of these
patients to older ages is necessary to clarify this issue.

Thromboembolic Events

From the thromboembolic events originally reported, nine described as "pos-
sible" or "partial" and two that were only questionably related to the underlying
condition were deleted. There remained a total of 253 events, occurring in 158
patients. No reported events occurred in 471 patients. Of these 253 events, 81
(32%) were cerebrovascular accidents, 130 (51 %) affected peripheral veins (with

* The interval at risk is the time from onset of treatment in a patient with lenses not yet dislocated
until the earliest of one of three events: (1) treatment termination, (2) time of last follow-up (if the
patient is on continuing treatment), or (3) lens dislocation. The probability that an untreated patient
will develop dislocation during the interval tl to t2 is (1 -P2/Pi), where pi and P2 are the probabilities
that lenses are not dislocated (fig. 3) at times tj and t2, respectively.
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FIG. 4.-Time-to-event graphs for first thromboembolic event in untreated patients. The methods
and symbols used are the same as those detailed in the legend to figure 3, except that probabilities
on these graphs are plotted on a linear scale and data for 627 patients were used for the "all types"
curve. For clarity, the graph for "all patients" is plotted starting at approximately age 7.

32 resulting in pulmonary embolism), 10 (4%) produced myocardial infarctions,
28 (11%) affected peripheral arteries, and four (2%) fell into none of these cat-
egories. The distributions of these types of thromboembolic events were only
marginally related to the B6-response category of the patients.

Time-to-event graphs for first thromboembolic events in untreated patients are
shown in figure 4.* The occurrences of both thromboembolic events and lens
dislocation are age-dependent, but they differ in several other characteristics.
The lag for thromboembolism is longer: 8-12 years before maximal rates are
attained. The rates of occurrence of thromboembolic events are far less. For
example, for the total group, the chances of suffering such an event were only
about 25% by age 16 and 50% by age 29. While the overall curves for B6-
responders and for B6-nonresponders remain significantly different from one
another (P = .02), the extent of the difference is not as striking as in the case
of lens dislocations.

The effect of therapy on thromboembolic events. The effect of treatment on
thromboembolic events is shown in table 5. Experience was available for substantial
numbers of B6-responsive patients, and for each treatment regimen evaluated,
the number of events observed during pyridoxine therapy was far less than the

* The numerical values upon which this figure is based have been deposited with, and are available
through, the National Auxiliary Publications Service. See NAPS document no. 04244 for 17 pages
of supplementary material. Order from NAPS c/o Microfiche Publications, P.O. Box 3513, Grand
Central Station, New York, NY 10163. Remit in advance in U.S. funds only $7.75 for photocopies
or $4.00 for microfiche. Outside the U.S. and Canada, add postage of $4.50. $1.50 for microfiche
postage.
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number expected if therapy were without effect. The decreases were statistically
significant. No significant beneficial effect was apparent for late-detected B6-
nonresponsive patients treated by methionine restriction, alone or in some com-
bination. Because many of the early-treated B6-nonresponders have not yet attained
ages when thromboembolic events are most likely to occur (fig. 4), few events
were expected among this group. Therefore, the fact that almost none have occurred,
although encouraging, is not yet proof of the efficacy of treatment.
Thromboembolic events after the first clustered in a nonrandom way in specific

patients. Therefore, the appearance of an initial event in a patient signified that
that patient should thereafter be regarded as being at higher risk of suffering a
thromboembolic event than another patient, matched for age and B6-response
category, who had not had an initial event. Thus, the expectation for recurrent
thromboembolic events over any time interval could not be calculated by reference
to the time-to-event graphs of figure 4, which specify the risk of an initial event
only. Sufficient data were not available to permit construction of time-to-event
curves for untreated patients after first episodes. To see if vitamin or dietary
therapy had any major effect on the rate of occurrence of thromboembolic events
subsequent to the first, it was therefore necessary to use a simplified analysis
that included the assumption that the rate of such events is a constant, regardless
of the age of the patient. For each patient, starting after his or her first throm-
boembolic event, months of exposure and number of episodes off treatment were
compared to months of exposure and number of episodes on treatment to be
evaluated. These values were summated and used to calculate events per year on
and off treatment. B6-responders off relevant treatment had 24 events during
3,744 months of exposure and seven events during 2,028 months of exposure on
pyridoxine treatment (with or without folate), yielding rates of 0.08 and 0.04
events per year, respectively. B6-nonresponders off treatment had 11 events during
1,264 months and four events during 836 months on methionine restriction. The
corresponding rates were 0.10 and 0.06 events per year.
Postoperative thromboembolic complications. Among 164 patients with 241

major surgical procedures, 14 postoperative thromboembolic events occurred,
four of which were fatal. Among 238 patients with 345 eye operations (the
majority lensectomies), 11 postoperative thromboembolic events occurred, two
of which were fatal [20, 21]. Of all operations, 258 were in B6-responsive patients
with one fatal and eight nonfatal thromboembolic events. Only two of these
events occurred during B6 therapy. B6-nonresponsive patients underwent 193
operations, which were followed by one fatal and 10 nonfatal thromboembolic
events.

Osteoporosis

Osteoporosis on the basis of a lateral radiograph of the spine was the definition
of this finding. Time-to-event graphs for such spinal osteoporosis (fig. 5) again
demonstrate a progressive appearance that is significantly less rapid in B6-responsive
patients than in B6-nonresponsive patients (P < .002).

15
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FIG. 5.-Time-to-event graphs for radiologic spinal osteoporosis in untreated patients. The curves
are based on only those patients who were reported to either have or not to have osteoporosis on the
basis of a lateral radiograph of the spine. Nos. of patients: B6-responsive, 154; B6-nonresponsive,
137; all types, 364. The methods and symbols used are the same as those in figure 3. For clarity, the
graph for "all B6 categories" is plotted starting at age 4.

Seizures

Among all patients in the late-detected group, 114 were reported to have had
seizures, and 422 were said not to have had seizures (incidence, 21.3%). Among
late-detected B6-responsive patients, the incidence was 36/214 (16.8%), and
among late-detected B6-nonresponsive patients, 43/184 (23.4%). Although this
difference is not statistically significant, time-to-event curves (not shown) indicated
that seizure onset tended to occur somewhat earlier in untreated B6-nonresponsive
(e.g., 20% chance of having seizures by age 12 years) than in untreated B6-
responsive patients (20% chance by age 21). The difference between the curves
overall attained marginal statistical significance (P = .04-.05). Grand mal seizures
accounted for 69%, 69%, and 76% of the seizures characterized as to type among,
respectively, the total group, B6-responsive patients, and B6-nonresponsive patients.
Very limited evidence was reported as to the effect of dietary or pyridoxine

therapy upon seizures in late-detected patients. Seizures in several B6-nonresponsive
patients were not alleviated by diet. Among B6-responsive patients, seizures
decreased in frequency during pyridoxine treatment in only a few.

Information on the presence or absence of seizures was available for 55 patients
detected in newborn screening programs and started early on therapy. Only one
was reported to have had seizures. This patient was a B6-nonresponsive infant
who had generalized seizures at 18 hrs of age, 4 days before dietary therapy was
started. By use of the time-to-event curve for seizures in untreated B6-nonresponsive
patients, it was calculated that among 40 B6-nonresponsive patients detected by
newborn screening, 4.2 would have been expected to have had seizures had
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therapy been without effect. The lack of seizures in this group during therapy is
thus encouraging, although more data are required to provide definitive proof of
the preventive effect of early treatment.

Mortality

Of the 629 patients covered in this study, 64 were deceased. The cause of death
was unknown for three patients, and two died for reasons apparently unrelated
to cystathionine P-synthase deficiency (accidental drowning at age 8; metastatic
abdominal carcinoma at age 61). Of the remaining 59 deaths, thromboembolism
was known to be the chief causative factor in 42 (7 1%) and was a probable, but
less clearly established, major contributing factor in at least five others (8%).
Pneumonia, other pulmonary infections, or sepsis were reported as the cause of
death in seven patients (12%). The latter were all grossly mentally retarded with
IQ's less than 50. For five patients, the causes were of uncertain relationship to
the underlying disorder (heart failure at 15 years in a severely retarded patient;
subarachnoid hemorrhage at age 10 from two aneurysms of the basilar artery;
spongy degeneration of the central nervous system with toxic sepsis [58]; pulmonary
hemorrhage in a 36-day-old infant; suicide at age 18).
The time-to-event graphs for deaths are shown in figure 6. Many of the patients

who died had had brief periods of therapies that would be expected not to be
effective (e.g., B6 given to nonresponsive patients or methionine restriction that
did not alter abnormal plasma amino acid patterns) or were treated only after
several thromboembolic events had already occurred. Therefore, to give a more
accurate representation of the overall mortality, patients were not removed from
the groups at risk upon initiation of therapy.

Mortality among patients classified with regard to B6 response was 5.5% (29
of 529 patients). Survival (fig. 6) for B6-responders was significantly higher than
that for B6-nonresponders (P < .0001). For example, the expected mortality at
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FIG. 6.-Time-to-event graphs for deaths. Patients were not removed from the at-risk groups upon

initiation of therapy. Otherwise, the methods and symbols were the same as those described in the
legend to figure 3 except that data for 629 patients were used for the "all-types" curves. For "all
patients," the graph is not plotted prior to age 10, but was virtually the same as that for B6-nonresponsive
patients.
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age 20 was less than 5% among those responsive to B6 and approximately 20%
in those not responsive. The incidence of mortality among those whose response
to B6 was unknown was disproportionately high (35%). Several factors appeared
to contribute to this result: the deaths occurred either before the effect of pyridoxine
on cystathionine P-synthase deficiency was well known [11] or in patients in
whom sudden death or profound retardation precluded evaluation of B6-respon-
siveness.

Patients Ascertained by Complete Sibship Screening

To what extent has ascertainment bias contributed to these results? Patients
ascertained by screening of all siblings following diagnosis of cystathionine 3-
synthase deficiency in a proband form a special group that provides some insight
into this question. Ninety patients detected by such complete sibship screening
were included in the present study. Of these, two were detected as newborns and
treated early, and 88 were late-detected. Major clinical manifestations in these
88 patients were compared to those in late-detected patients ("probands") who
came to attention because of clinical complication(s). (1) Mental capabilities.
The "complete-sibship-screened" group of B6-responsive patients had a mean
IQ 21 points higher than the B6-responsive probands, a difference which was
statistically significant. When IQ scores were not available, however, the pro-
portions of each of these groups judged to be mentally retarded were not significantly
different. Among B6-nonresponsive patients, no significant difference was present
in the mean IQ scores for the "complete-sibship-screened" group compared with
probands, but only 65% of the former were judged to be retarded, as compared
to 91% of the probands (P < .05). (2) Seizures. In the "complete-sibship-screened"
group, seizures were reported in 16 of 85 patients (19%), an incidence not sig-
nificantly different from that in the proband group: 98 of 449 (22%). (3) Lens
dislocation. There were no statistically significant differences in the time-to-
event curves for any of the "complete-sibship-screened" groups when compared
with the proband groups. (4) First thromboembolic events. The results were the
same as those for lenses. (5) Osteoporosis. The results were the same as those
for lenses and first thromboembolic events, except that for B6-responders the
time of detection of osteoporosis in the "complete-sibship-screened" group was
slightly delayed compared with that in the proband group (e.g., 60% chance of
not having detected osteoporosis at age 20 years in the former, as compared to
45% in the latter). Statistical comparison showed these time-to-event curves were
barely significantly different (P = .04-.05).

Reproductive Performance

Eighty-eight pregnancies were reported among 40 homocystinuric women. To
these were added 20 pregnancies among seven women included in previous reviews
[6, 59] but not covered in the present survey, yielding a total of 108 pregnancies.
Of these pregnancies, six were terminated by elective abortion. The outcomes
of the remaining 102 pregnancies are summarized in table 6. Most occurred in
B6-responsive women (79 of the 90 pregnancies occurring in women classified

18
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TABLE 6

OUTCOMES OF PREGNANCIES IN CYSTATHIONINE r-SYNTHASE-DEFICIENT HOMOCYSTINURIC WOMEN

B6-RESPONSIVE

THERAPY B6- INTERMEDIATE RESPONSE
NONRESPONSIVE RESPONSE UNKNOWNDURING

PREGNANCY THERAPY DURING PREGNANCY

Folate, aspirin,
None B6 and dipyridamole None None

Full-term, normal child .... 25 18 1 5 11*
Child with abnormality 2t it ... ... ...

Premature birth 1§..............*§ ... II ...
Stillborn ..5 2 * - -#
Spontaneous abortion.. 19 4 ... 3 ...

Ectopic pregnancy .1 1 1*II I . -
Total ..52 27 2 9 12

NOTE: Includes data from the present survey and from additional patients included in the reviews by Mudd
and Levy [6] and Lamon et al. [59], but not covered in the survey. Six pregnancies (five spontaneous abortions
in an untreated B6-responsive patient and one normal child born to the same patient following B6 therapy) were
deleted from the pregnancies summarized in [6] and [59] since they were found to be duplications (V. Shih,
personal communication, 1983). One patient, previously taken to be B6-nonresponsive [6] (patient 1 in [60])
has since been reclassified as B6-responsive on the basis of further studies (patient 1 in [61]).

* Includes one patient who was not specified as either treated or not treated.
t One child with coloboma of iris, otherwise normal at age 4; one child with fused sagittal suture and mental

retardation.
t One child with trisomy 21 [62].
§ Normal child delivered at 33 weeks.
Died of hyaline membrane disease.
# Hydrocephalic child, stillborn as a result of a decompression procedure done to permit delivery [56].

as to B6-response). Among these B6-responsive patients, fetal loss (stillbirth,
spontaneous abortion, and ectopic pregnancy) occurred in 25 of 52 pregnancies
(48%) in which the patient was not treated with pyridoxine and in seven of 27
pregnancies (26%) in which the patient received pyridoxine. These results, however,
were strongly influenced by major contributions from three patients: (1) a woman
who had 10 spontaneous abortions without pyridoxine treatment, (2) a woman
who had five stillbirths or spontaneous abortions prior to B6 administration followed
by two stillbirths after commencement of such treatment, and (3) a woman who
had five spontaneous abortions prior to B6 therapy, followed by two normal
deliveries after initiation of pyridoxine treatment. Removal of the data from these
three women would leave 32 B6-responsive patients with 55 pregnancies that
ended other than by elective abortion. Fetal losses in this subgroup were 5/32
(16%) in the absence of B6 treatment and 5/23 (22%) during B6 administration.
These values were not significantly different statistically.
Twenty-one male patients were reported to have sired 34 fetuses whose fates

were known. Of these recognized conceptions, 33 resulted in apparently healthy
offspring and one spontaneously aborted. To these may be added three normal
children sired by two patients previously reported [56] but not included in the
present survey. Of the total of 37 fetuses, 29 were sired by patients responsive
to B6, two by patients not responsive, one by a patient intermediate in response,
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and five by patients with unknown responses. The one fetus who aborted was
fathered by a B6-responsive patient.

DISCUSSION

A major aim of the present study was to gather standardized data on a sufficient
number of patients with homocystinuria due to cystathionine 3-synthase deficiency
so that questions requiring statistical treatment could be considered. Information
upon 629 patients was included in the study (532 on the basis of questionnaires;
97 chiefly on the basis of published material). We are aware of some 75-100
additional patients for whom we were unable to obtain reports. In spite of the
relatively satisfactory coverage attained, the possibility must be considered that
the patient sample is subject to bias in several ways. (1) There may have been
relative underreporting of deceased patients as information about them became
less current for responding physicians. Every effort was made to obtain reports
covering all known deceased patients, but to the extent these efforts fell short,
the sample would be biased toward less severely affected patients. (2) Bias in
the opposite direction, toward more severely affected patients, may have occurred
because most of the patients included in this survey were ascertained due to the
presence of one or more clinical features typically associated with cystathionine
P-synthase deficiency. In the sections that follow, the effect of such bias on each
clinical manifestation is discussed in light of data on ascertainment (table 2) and,
more quantitatively, of comparison of patients discovered during complete
screening of sibships with probands. However, even the latter tactic may not
completely eliminate ascertainment bias in a situation, such as the present, in
which there is a strong impression of general concordance within sibships of
severity of symptoms. As early as 1978, the experience in New South Wales [63]
suggested that mild cases of cystathionine P-synthase deficiency are more frequent
than had been thought and that underascertainment of patients with this disease
might be occurring. Data from screening programs of newborns furnish one means
to arrive at a crude estimate of the possible magnitude of such underascertainment.
This was done for the United States, the country from which the greatest number
of patients were reported (37% of all those classified as B6-responsive or non-
responsive). Combination of the results from screening programs of newborns
in the Rocky Mountain states [64], Georgia (L. Elsas and P. Fernhoff, personal
communication, 1984), New England (H. L. Levy and J. Simmons, unpublished
observations, 1984), and Maryland and Delaware (S. R. Panny and J. M. Joseph,
personal communication, 1984) leads to a rate of detection of cystathionine 13-
synthase deficiency of one per 209 x 103 newborns (based on a total of 3.34 x
106 screened). Extrapolating this combined ratio to the country as a whole, assuming
from the results reported here that 78% of those detected are B6-nonresponsive
and taking into account the age structure of the population of the United States
[65] and the less than normal survival of B6-nonresponsive patients (fig. 6), one
may estimate that in the United States the number of living B6-nonresponsive
cystathionine 13-synthase-deficient persons 25 years of age or younger should be
299, an incidence of one per 738 x 103 persons in the total population. Reports
were obtained for the survey concerning 63 patients of this sort, or one per
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3.5 x 106. Although the above estimate is no better than a very rough approx-
imation, it appears that a substantial portion of potential B6-nonresponsive subjects
in the United States have been both diagnosed and reported upon in the present
survey. However, probably an even greater portion remain to be diagnosed or
(in our opinion less likely) are known to physicians but were not reported upon. *
The analogous calculation for B6-responders indicates that in the United States

there should be only 55 such patients alive at age 25 or less (one per 4.7 x 106).
The low estimate is due to the fact that only 13% of patients detected in screening
of newborns have been B6-responsive. In actuality, reports were obtained upon
47 such patients. Since it seems unreasonable to suppose that such a high proportion
of all such patients have been both diagnosed and reported upon, these combined
results support the likelihood (discussed further in the section below on newborn
screening) that B6-responders are being missed in current screening programs of
newborns, so that the above estimate of the potential number of these patients is
probably too low.

B6-responsiveness or nonresponsiveness. In considering clinical manifestations,
an effort was made to control as much as possible for the extensive heterogeneity
known to occur in the mutations producing cystathionine P-synthase deficiency
[6]. This was done simply by asking responding physicians to classify patients
as either B6-responsive, B6-nonresponsive, or intermediate in response. Rigid
guidelines as to how to make this classification were not set up for the responding
physicians, because it was realized from the outset that, at best, this division is
an oversimplification. There is ample evidence that, if sufficient studies are per-
formed, patients with genetic lesions differing in many details will be found
within any one of these categories of response to B6 [6, 66, 67]. Classification
on the basis of more detailed data, however, would not have been possible for
the majority of cystathionine f3-synthase patients, for whom such studies have
not been carried out. Furthermore, studies of the properties of a particular mutant
enzyme from a given patient do not yet permit unambiguous prediction whether
that patient will be clinically responsive to pyridoxine or not (although most
responsive patients have some residual cystathionine 3-synthase activity whereas
most nonresponsive patients do not [6, 68]). Clinical classification based on B6-
response was also in accord with the widespread impression that it is among B6-
responsive patients that those with milder manifestations of cystathionine I-
synthase deficiency are to be found [6]. In practice, B6-responsiveness or non-
responsiveness turned out to be concordant within sibships (table 3), providing
evidence that this classification has a genetic basis. Further, classification in this

* The United States provides a useful example for this sort of calculation, not only because far
more patients were reported from this country than from any other, but also because, in terms of
patients reported per unit population, the United States fell at neither the upper nor the lower extreme
of the range. Considering only patients classified as B6-responsive or B6-nonresponsive, reports were
obtained from the United States at a rate of one patient per 1.28 x 106 persons in the population.
Ten countries (Australia, Belgium, Canada, Ireland, the Netherlands, New Zealand, Norway, Sweden,
Switzerland, and the United Kingdom) had higher rates of reporting. The rate for Australia was
highest, one per 390 x 103. Rates for the other nine areas ranged from one per 560 x 103 to one
per 1.27 x 106. The rates for 13 countries were less than that for the United States.
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manner did result in statistical differences between B6-responsive and B6-non-
responsive patients with respect to the severity of most of the major clinical
manifestations.
Newborn screening. Among the patients in this survey who had been detected

by screening of newborns, and classified as to B6-responsiveness, only 13% were
B6-responsive. Among late-detected patients, the corresponding value was 47%.
The possibility that this discrepancy is due to high and preferential early mortality
among B6-nonresponsive patients cannot be excluded, although the likelihood
that this is so appears very remote, based upon the survival curve for B6-non-
responsive patients once they have been detected (fig. 6). Much more probable,
as suggested from the experience of the Massachusetts newborn screening program
[69], and from the above comparison of the estimated number of B6-responders
in the United States with the number actually reported, B6-responsive patients
are being missed in current screening programs that base detection upon hyper-
methioninemia during the first days of life. Further evidence from the present
survey that this may be so is provided by the finding that 21 B6-responsive
patients were reported not to be hypermethioninemic when untreated, compared
to only two B6-nonresponders. Since, as discussed below, available evidence
now supports the effectiveness of early treatment in ameliorating mental retardation,
incidence of seizures, and the rate of lens dislocations, these findings suggest
the need for an improved method of detecting cystathionine 3-synthase deficiency
during screening of newborns.
Mental capability. The results presented in figure 1 and in table 4 emphasize

the wide range of mental capabilities found in cystathionine P-synthase-deficient
patients and the fact that there is extensive overlap in this regard between B6-
responsive and -nonresponsive patients. Nevertheless, there is clearly a tendency
for B6-responsive patients to be less severely affected, and virtually all patients
with IQ's of 90, or above, are B6-responsive.
Many of the patients in the survey sample had mental retardation as at least

one factor contributing to their ascertainment (table 2), raising the possibility
that ascertainment bias influenced quantitatively the apparent extent of the mental
impairment caused by cystathionine 13-synthase deficiency. Comparison of patients
ascertained by complete sibship screening with those in the proband group confirmed
that ascertainment bias did exert such an influence. To estimate the maximum
contribution of ascertainment bias, relevant analyses were repeated after prior
removal of patients for whom mental retardation was a factor in ascertainment.
The difference in IQ's between B6-responsive and nonresponsive patients remained,
with the median IQ's for B6-responsive and B6-nonresponsive patients each in-
creasing by eight points.

Optic lenses. The results in figure 3 provide the first time-to-event curves for
lens dislocations in large untreated groups of both B6-responsive and B6-nonre-
sponsive patients. Both curves display a lag during the first 2 years of life, but
thereafter differ in the rates of lens dislocation between the two groups. If as-
certainment bias is not present, these curves also confirm the impression that
eventually the great majority of cystathionine P-synthase-deficient patients develop
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dislocated lenses, as shown by the probability that only 3% of all such patients
will have lenses in place by age 39. However, the data in table 2 suggest that
ascertainment bias might be particularly marked for ectopia lentis, which was
the sole feature leading to ascertainment of almost 21% of patients discovered
because of clinical stigmata and a contributory factor in an additional 65%.
Cystathionine P-synthase-deficient patients without dislocated lenses are probably
especially likely to remain undiagnosed, and the occurrence of significant numbers
of such patients would help explain the probability, discussed above, that, at
present, there has been marked underascertainment of the total group of patients
with this disease.*
Thromboembolic events. The time-to-event graphs for initial thromboembolic

events in the untreated state (fig. 4) provide for the first time data based upon
sufficiently large numbers of both B6-responsive and B6-nonresponsive patients
that realistic estimates can be made of the chances of suffering a clinically detected
event of this sort over given age intervals. As with lens dislocations, these prob-
abilities change with the age of the patients: initial lags are followed by progressive
increases in the probability of suffering a thromboembolic disorder. The cumulative
probabilities of having thromboembolic events are, perhaps, lower than might
have been expected from the general impression in the literature. Both B6-responders
and B6-nonresponders have about a 70% chance of reaching age 20 free of clinically
apparent thromboembolic disorder. Of course, additional events may have occurred
that would have become apparent through the use of more extensive or sophisticated
examinations.

Since early thromboembolic events were the sole cause of ascertainment in
relatively few patients (table 2) and the time-to-event curves for first events were
not significantly different for patients discovered by complete sibship screening
and probands, there is little indication that ascertainment bias distorts the results
reported for such events toward a falsely high incidence. On the other hand, at
least some patients who present as young adults with thrombotic events and none
of the other "typical" clinical features of cystathionine 3-synthase deficiency
may be remaining undiagnosed [63, 70]. If so, our present picture of the incidence
of thromboembolism in this disease may be falsely low.
The relative infrequency of clinically apparent events means that evaluation

of the effects of therapies is correspondingly difficult. Calculated over 5-year
intervals, the maximum likelihood for B6-responders of having such an event
occurred over the interval of approximately 20-25 years, when the chances were
0.038 per year. For B6-nonresponders, the maximum likelihood occurred between
approximately 12.5-17.5 years, and was equal to 0.040 per year. These values
correspond to about 25 years/event. Thus, even if patients were studied during

* Using the data from figure 3, it can be calculated that at any moment in the United States
approximately 26%-27% of the B6-nonresponsive cystathionine P-synthase-deficient individuals alive
at age 25, or less, will not yet have developed ectopia lentis. This group should therefore comprise
79 patients of the estimated potential total of 299. For B6-responsive patients, the analogous value
is 44% of the potential total.

23



MUDD ET AL.

these intervals of maximum risk, it would be necessary to follow 50 patients for
5 years each to accumulate the expectation that, had these patients not been
treated, 10 detected thromboembolic events would have occurred. If patients
were studied at earlier ages, before the periods of maximum risk, the numbers
of patients and/or the periods of observation would have to be increased to attain
the same expectation.

Postoperative thromboembolic complications. Early reports on cystathionine
P-synthase-deficient patients drew attention to the possibility that they are at
increased risk for postoperative thromboembolic complications [20, 21]. Con-
siderable attention has subsequently been devoted to development of suitable
procedures for pre- and postoperative management and for anesthesia [53, 71-
76]. Information on the specific procedures employed during the operations reported
in the present survey was not obtained. Nevertheless, the data indicate that it is
certainly possible for the great majority of operations, including ophthalmologic
and other forms of major surgery, to be carried out without producing throm-
boembolic complications. In this respect, B6-responsive and B6-nonresponsive
patients fared about equally well.

Osteoporosis. The time-to-event graphs presented in figure 5 for detection of
radiographically demonstrated spinal osteoporosis should be regarded as setting
upper limits for the ages at which this condition is present in given proportions
of patients. More than the other clinical manifestations discussed here, osteoporosis
could have been present, yet gone undetected, until patients were ascertained for
other reasons. Some effect of ascertainment bias on these curves is indicated also
by the significant difference between the curve for B6-responsive patients discovered
by complete sibship screening and the curve for probands. Certainly, better serial
data, optimally using more sensitive and quantifiable measures of osteoporosis,
will be required to provide baselines that permit satisfactory evaluation of the
effects of therapies on this manifestation.

Mortality. The survivorship data (fig. 6) drawn from the present survey indicate
mortality rates much less rapid than those reported by McKusick et al. [56].
Because in that early series patients were not subdivided according to B6-response,
comparisons are possible only between total group experiences. McKusick et al.
found that approximately 50% of patients had died by age 20, and 75%, by age
30. For the present series, the values were 11% by age 20 and 18% by age 30.
These differences cannot be ascribed to the fact that a greater proportion of the
patients now being reported upon had probably received treatment. Survivorship
curves constructed taking into consideration mortality only among patients who
had not yet received treatment were not appreciably steeper than those in figure
6 for any single B6-response category, or for the overall group. Three additional
factors may be considered as possibly contributing to the difference between the
earlier study and our survey. First, as noted above, it is possible, although judged
unlikely, there was relative underreporting of deceased patients for the present
survey. Second, during this survey, we received reports upon a number of siblings
of acknowledged cases of cystathionine P-synthase deficiency. These siblings
had died with clinical manifestations characteristic of cystathionine ,3-synthase
deficiency, but prior to the recognition of this disease in the early 1960s. Con-
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sequently, urine and/or plasma samples were not examined for homocystine. To
avoid circularity in defining the clinical picture of cystathionine 3-synthase de-
ficiency, we did not include such patients, whereas a number of these patients,
or others with somewhat similar circumstances, were included in the former
series [56]. Inclusion of these patients would have added 25 subjects to our
survey, and resulted in slightly, but not strikingly, greater rates of mortality. For
example, for the overall group, the modified mortality would have been 14% at
age 20 and 19% at age 30. Third, and probably most important, the early series
may have included on the average more severely affected patients than those in
the present series because, as greater familiarity has been gained with the clinical
picture of cystathionine P-synthase deficiency, more mildly affected patients
with this disease have been recognized. If this is so, the actual prognosis for
patients with cystathionine P-synthase deficiency is far better than had been
thought previously.
Reproductive performance. For both men and women, many fewer conceptions

were reported for B6-nonresponsive than for B6-responsive patients. This result
may well reflect the more marked mental retardation, poorer survival, and generally
inferior clinical condition of B6-nonresponsive individuals, but a specific effect
upon fertility is not excluded. The offspring of male subjects did not suffer
excessive losses up to the time of birth and were generally reported to be normal.
Since these children are presumptive heterozygotes for cystathionine P-synthase
deficiency, one may conclude that the genetic load from such heterozygosity is
minimal both in utero and at least in the early years of life. Higher rates of fetal
loss were experienced by presumptive heterozygous fetuses carried by cystathionine
13-synthase-deficient mothers (48% in untreated B6-responsive women; 26% in
such women during B6 administration). However, these overall figures were
strongly influenced by the results from three women, each of whom had multiple
stillbirths or spontaneous abortions. It is uncertain whether the latter fetal losses
can be attributed to cystathionine ,B-synthase deficiency or were incidentally
associated. Whether or not they were receiving B6 therapy, the remaining B6-
responsive women had reported fetal losses near 20%, a rate not excessive compared
to that for the general population [77]. Especially for untreated women, this rate
is much more favorable than those reported in previous reviews [6, 59], a result
probably due to the fact that many normal pregnancies in untreated homocystinuric
women had previously gone unreported. Phenylketonuria in the mother often
results in mental retardation, microcephaly, congenital heart disease, and low
birth weight in the offspring [78]. These, or other, abnormalities were not prom-
inently reported among living offspring of cystathionine P-synthase-deficient
mothers.

Treatment. Methionine restriction, usually accompanied by cystine supple-
mentation, was the first treatment devised for cystathionine ,-synthase-deficient
patients, and, for B6-nonresponsive patients, far more experience has been ac-
cumulated with this treatment than with any other. The results of this survey
clearly indicate the efficacy of such therapy in preventing mental retardation in
B6-nonresponsive patients who are detected as newborns and started early upon
therapy (fig. 2). An improvement of the order of 35 points in mean IQ was
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observed in such patients. The evidence available tentatively suggests that such
therapy may also decrease the rate of lens dislocations (table 5) and reduce the
incidence of seizures. More definitive information on these manifestations will
be acquired in the near future as further experience with these patients accumulates.
Likewise, it is still too early to assess the effect of early-onset methionine restriction
therapy on thromboembolic events (table 5), mortality, or osteoporosis.

Methionine restriction, sometimes accompanied by pyridoxine therapy, has
also been used for the majority of patients detected as newborns who are B6-
responsive. Because of the relative infrequency of patients in this group, data
are more limited, but, nevertheless, indicate that most subjects will attain normal
or near normal intelligence when so treated.

Methionine restriction has apparently not produced statistically significant benefit
upon lens dislocation or the rate of occurrence of first thromboembolic events in
late-detected B6-nonresponsive patients. These observations should be interpreted
with caution, however, since it is very likely that for many of the patients reported
here compliance with the restricted diet was poor. Thus, the possibility that a
very strictly managed group of late-detected B6-nonresponsive patients would
benefit from methionine restriction has certainly not been excluded. The experience
reported by Carson [79] furnishes a suggestive example of this possibility.

Pyridoxine administration is currently the most widely used therapy for late-
detected B6-responsive patients. A statistically significant reduction in the number
of initial thromboembolic events seems to have been brought about by this treatment.
Certainly, this observation is encouraging, but in view of the relatively small
numbers of events, should probably be regarded more as suggestive than as
definitive. Evaluation of the effect of pyridoxine treatment on lens dislocation
awaits observation of more patients started on therapy at earlier ages, and, for
osteoporosis, of conducting longitudinal studies of this condition.
More recently, several additional modes of therapy have been suggested. Aspirin

and dipyridamole may reverse decreased platelet survival time [12], although
evidence on this point has varied [80]. These agents would be expected to affect
chiefly thrombotic events. Betaine or choline reduce homocyst(e)inemia [13, 14]
and might affect the whole array of consequences due to this chemical aberration.
Because hypermethioninemia may be enhanced, the long-term effects of this
treatment will require especially careful evaluation. In practice, these agents are
currently being used chiefly for late-detected B6-nonresponsive patients who present
the most difficult problems in therapy among cystathionine ,3-synthase-deficient
patients. In some B6-responders, aspirin and/or dipyridamole are superimposed
on pyridoxine treatment. Preliminary observations suggest that betaine significantly
improves patient behavior [13, 14]. The data obtained during the present survey
were not sufficient to permit evaluation of the long-term effects of either of these
therapeutic regimens on thromboembolism or that of betaine upon dislocation of
optic lenses and development and progression of osteoporosis. It is hoped that
the data reported here will provide the baselines necessary for design of future
studies that are statistically meaningful and for evaluation of the results of such
studies.

26 MUDD ET AL.



HOMOCYSTINURIA

ACKNOWLEDGMENTS

We thank Horst Bickel, M.D., Roderick R. McInnes, M.D., Ph.D., and Hiroshi Naruse,
M.D., for advice in the design of the questionnaire and in arranging patient coverage;
Ms. Johanna Grodzicki for assistance in gathering, managing, and analyzing the data;
and Robert L. Martin and Ivan Soroka, Data Management Branch, National Institutes of
Health, for help in data management.
We are indebted to the following persons who, by their generous contributions of patient

data, provided the factual base that made this group study possible: M. H. Abbott, R.N.,
M.P.H.; B. Agarwal, M.D.; R. J. Allen, M.D.; L. M. Ambani, M.D.; I. Antonozzi,
M.D.; J. G. Armstrong, M.D.; R. Bachman, M.D.; L. Badetti, M.D.; A. Bankier, M.D.;
R. M. Bannerman, M.D.; Y. I. Barashnev, M.D.; R. Baumgartner, M.D.; A. L. Beaudet,
M.D.; D. M. 0. Becroft, M.D.; A. W. Behbehani, M.D.; J. D. Beltman-van der Giesen,
M.D.; M. J. Bennett, M.D.; P. N. Bennett, M.D.; A. Berio, M.D.; S. Berlow, M.D.; S.
Blika, M.D.; G. Bluhm, M.D.; M. K. Bofinger, M.D.; I. K. Brandt, M.D.: N. J. Brandt,
M.D.: T. G. Brewster, M.D.; J. Brodehl, M.D.; E. S. Brown, Ph.D.; I. Bruck, M.D.; J.
M. H. Buckler, M.D.; N. R. M. Buist, M.D.; B. Cabalska, M.D.; E. Cacciari, M.D.;
D. Carton, M.D.; R. T. Caseley, M.D.; S. D. Cederbaum, M.D.; D. N. Challacombe,
M.D.; D. M. Chestnut, R.N.; R. Clark, M.D.; J. T. R. Clarke, M.D.; P. Clemens, M.D.;
J. W. Cline, M.D.; C. Clow; A. B. Clymo, M.D.; F. Cockburn, M.D.; M. P. Coleman,
M.D.; M. L. Cowger, M.D.; M. P. Dailey, M.D.; B. Dallapiccola, M.D.; D. M. Danks,
M.D.; A. G. F. Davidson, M.D.; J. C. Dayras, M.D.; E. Del Giudice, M.D.; N. R.
Dennis, M.D.; G. N. Donnell, M.D.; P. J. Dougherty, M.D.; K. W. Dumars, M.D.; L.
J. Elsas III, M.D.; W. Th. Endres, M.D.; J. P. Farriaux, M.D.; J. Fensbo, M.D.; P.
Fernhoff, M.D.; C. Ferretti, M.D.; P. C. Ferry, M.D.; W. H. Finley, M.D.; 0. FitzGerald,
M.D.; J. Francois, M.D.; R. C. Franklin, M.D.; J. L. Frias, M.D.; P. M. Frost, M.D.;
A. B. Fuks, M.D.; R. C. Funes, M.D.; C. Gallery, R.N.; D. J. Giraldi, M.D.; A.
Glasgow, M.D.; L. Gleditsch, M.D.; S. I. Goodman, M.D.; A. J. Grieco, M.D.; J.
Guihard, M.D.; D. L. Gurry, M.D.; E. Haan, M.D.; L. Hagenfeldt, M.D.; D. A. Hahn,
M.D.; W. K. Hall, Ph.D.; C. Hansted, M.D.; D. A. Harper, M.D.; L. F. Hartmann,
M.D.; Y. Hase, M.D.; J. C. Haworth, M.D.; F. Hecht, M.D.; K. R. Held, M.D.; R. E.
Hillman, M.D.; D. Hoefnagel, M.D.; J. B. Holton, M.D.; M. B. Homsy, M.D.; R. R.
Howell, M.D.; B. W. Hudson, M.D.; J. Hyanek, M.D.; J. Jaeken, M.D.; 0. W. Jones,
M.D.; R. W. Kelly, M.D.; T. Kelly, M.D.; R. A. King, M.D.; V. Kluka, M.D.; R. Koch,
M.D.; L. E. Kodumal, M.D.; P. Koepp, M.D.; W. C. Kruckeberg, Ph.D.; A. Larsson,
M.D.; M. L. Lee, M.D.; D. Leupold, M.D.; S. 0. Lie, M.D.; D. Lines, M.D.; M. H.
Lipson, M.D.; L. A. Lockman, M.D.; I. T. Lott, M.D.; R. B. Lowry, M.D.; I. C. T.
Lyon, Ph.D.; C. C. Mabry, M.D.; R. Matalon, M.D., Ph.D.; T. Matsumoto, M.D.; S.
B. Melancon, M.D.; G. J. Meyers, M.D.; J. Miller, M.D.; K. J. Mitchell, M.D.; S.
Miyazaki, M.D.; C. E. Mize, M.D.; G. Morrow III, M.D.; K. H. Muench, M.D.; M. S.
McBean, M.D.; I. G. McGill, M.D.; J. W. McReynolds, M.D.; C. S. Nelson, M.D.; S.
Nikaido, M.D.; T. Oura, M.D.; C. A. Ozborn, M.D.; W. C. V. Parris, M.D.; M. W.
Partington, M.D., Ph.D.; L. Paunier, M.D.; T. L. Perry, M.D.; W. v. Petrykowski, M.D.;
0. Podhradska, C.S.C.; S. M. Pueschel, M.D.; J. S. Quill, M.D.; N. Radfar, M.D.; L.
Raffel, M.D.; W. J. Rhead, M.D., Ph.D.; E. F. Robertson, M.D.; C. A. Romshe, M.D.;
K. N. Rosenbaum, M.D.; D. S. Rosenblatt, M.D.; K. R. Ross, M.D.; K. S. Roth, M.D.;
K. Rubinstein, M.D.; C. Sansaricq, M.D.; J. M. Saudubray, M.D.; P. R. Scarbrough,
M.D.; S. Scheibenreiter, M.D.; 0. B. Schjetne, M.D.; J. D. Schulman, M.D.; C. R.
Scott, M.D.; C. R. Scriver, M.D.; R. P. Sedgwick, M.D.; S. Segal, M.D.; G. Seidlitz,
M.D.; C. R. Serrano, M.D.; L. J. Shapiro, M.D.; L. Y. Shih, M.D.; V. E. Shih, M.D.;
E. M. Short, M.D.; D. Shulman, M.D.; I. Smith, M.B.B.S.; J. F. Sotos, M.D.; G. L.
Spaeth, M.D.; B. S. Sridhara Rama Rao, M.D.; B. Steinmann, M.D.; R. E. Stevenson,
M.D.; R. D. Suckling, M.D.; G. Taboada, M.D.; K. Tada, M.D.; L. S. Taitz, M.D.; T.
G. Thevaos, M.D.; B. Tischler, M.D.; C. Toothill, M.D.; S. Tsangaraki, M.D.; S. Tuft,

27



M.D.; R. Umansky, M.D.; D. L. Valle, M.D.; H. H. van Gelderen, M.D.; F. J. van
Sprang, M.D.; A. Velazquez, M.D.; I. C. Verma, M.D.; R. C. Wagner, M.S.; K. Walker,
M.D.; U. Wendel, M.D.; H. H. White, M.D.; J. 0. Willoughby, M.D.; H. E. Willshaw,
M.D.; H. Wolfinger, M.D.; P. W. K. Wong, M.D.; D. J. Woods, M.D.; H. G. Worthen,
M.D.; D. C. Yang, M.D.; M. Yoshinaga, M.D.; W. A. Zaleski, M.D.; E. Zammarchi,
M.D.; and N. Zuppinger, M.D.

REFERENCES

1. CARSON NAJ, NEILL DW: Metabolic abnormalities detected in a survey of mentally
backward individuals in Northern Ireland. Arch Dis Child 37:505-513, 1962

2. GERRITSEN T, VAUGHN JG, WAISMAN HA: The identification of homocystine in the
urine. Biochem Biophys Res Commun 9:493-496, 1962

3. MUDD SH, FINKELSTEIN JD, IRREVERRE F, LASTER L: Homocystinuria: an enzymatic
defect. Science 143:1443-1445, 1964

4. MUDD SH: Homocystinuria and homocysteine metabolism: selected aspects, in Heritable
Disorders ofAmino Acid Metabolism, edited by NYHAN WL, New York, John Wiley,
1974, pp 429-451

5. SCHUH S, ROSENBLATT DS, COOPER BA, ET AL.: Homocystinuria and megaloblastic
anemia responsive to vitamin B12 therapy. N Engl J Med 310:686-690, 1984

6. MUDD SH, LEVY HL: Disorders of transsulfuration, in The Metabolic Basis of Inherited
Disease, 5th ed, edited by STANBURY JB, WYNGAARDEN JB, FREDRICKSON DS, GOLD-
STEIN JL, BROWN MS, New York, McGraw-Hill, 1983, pp 522-559

7. KOMROWER GM, LAMBERT AM, CUSWORTH DC, WESTALL RG: Dietary treatment of
homocystinuria. Arch Dis Child 41:666-671, 1966

8. KOMROWER GM, SARDHARWALLA IB: The dietary treatment of homocystinuria, in
Inherited Disorders ofSulphur Metabolism, edited by CARSON NAJ, RAINE DN, Edin-
burgh and London, Churchill Livingstone, 1971, pp 254-263

9. PERRY TL, HANSEN S, LOVE DL, CRAWFORD LE, TISCHLER B: Treatment of homo-
cystinuria with a low-methionine diet, supplemental cystine, and a methyl donor.
Lancet 2:474-478, 1968

10. PULLON DHH: Homocystinuria and other methioninemias, in Neonatal Screening for
Inborn Errors ofMetabolism, edited by BICKEL H, GUTHRIE R, HAMMERSEN G, New
York, Springer-Verlag, 1980, pp 29-44

11. BARBER GW, SPAETH GL: Pyridoxine therapy in homocystinuria. Lancet 1:337, 1967
12. HARKER LA, SLICHTER SJ, SCOTT CR, Ross R: Homocystinemia: vascular injury and

arterial thrombosis. N Engl J Med 291:537-543, 1974
13. SMOLIN LA, BENEVENGA J, BERLOW S: The use of betaine for the treatment of homo-

cystinuria. J Pediatr 99:467-472,1981
14. WILCKEN DEL, WILCKEN B, DUDMAN NPB, TYRRELL PA: Homocystinuria: the effects

of betaine in the treatment of patients not responsive to pyridoxine. N Engl J Med
309:448-453, 1983

15. MUDD SH, HAVLIK R, LEVY HL, McKusICK VA, FEINLEIB M: A study of cardiovascular
risk in heterozygotes for homocystinuria. Am J Hum Genet 33:883-893, 1981

16. KAPLAN EL, MEIER P: Nonparametric estimation from incomplete observations. J Am
Stat Assoc 53:457-481, 1958

17. GEHAN EA: A generalized Wilcoxon test for comparing arbitrarily singly-censored
samples. Biometrika 52:203-223, 1965

18. BRESLOW NE: A generalized Kruskal-Wallis test for comparing K samples subject to
unequal patterns of censorship. Biometrika 57:579-594, 1970

19. TURNBULL BW, BROWN BW JR, Hu M: Survivorship analysis of heart transplant data.
J Am Stat Assoc 69:74-80, 1974

20. KOMROWER GM, WILSON VK: Homocystinuria. Proc R Soc Med 56:996-997, 1963
21. CARSON NAJ, DENT CE, FIELD CMB, GAULL GE: Homocystinuria. Clinical and path-

ological review of ten cases. J Pediatr 66:565-583, 1965

MUDD ET AL.28



HOMOCYSTINURIA

22. BRENTON DP, CUSWORTH DC, DENT CE, JONES EE: Homocystinuria. Clinical and
dietary studies. Q J Med 35:325-346, 1966

23. BRETT EM: Homocystinuria with epilepsy. Proc R Soc Med 59:484-486, 1966
24. DUNN HG, PERRY TL, DOLMAN CL: Homocystinuria. A recently discovered cause of

mental defect and cerebrovascular thrombosis. Neurology 16:407-420, 1966
25. YOSHIDA T, TADA K, YOKOYAMA Y, TOYOTA M, SATO T: Two cases of homocystinuria.

Rinsho Shoni Igaku 14:402-412, 1966
26. GIRARD PF, SCHOTT B, BADY B, BOUCHER M, DAVID M: Observation d'homocystinurie

familiale avec alterations carotidiennes et luxation du cristallin. Lyon Med 218:1369-
1386, 1967

27. TANCREDI F, FIORE C, DE PAOLA E, AURICCHIO S: Su di un caso di omocistinuria.
Minerva Pediatr 19:642-646, 1967

28. CAREY MC, DONOVAN DE, FITZGERALD 0, MCAULEY FD: Homocystinuria-a clinical
and pathological study of nine subjects in six families. Am J Med 45:7-31, 1968

29. GAUDIER B, FRAN(OIS P, BISERTE G, DAUTREVAUX M, NUYTS J-P, BOMBART E:
L'homocystinurie. Arch Fr Pediatr 25:541-560, 1968

30. HAGBERG B, HAMBRAEUS L: Some aspects of the diagnosis and treatment of homo-
cystinuria. Dev Med Child Neurol 10:479-484, 1968

31. PRICE J, VICKERS CFH, BROOKER BK: A case of homocystinuria with noteworthy
dermatological features. J Ment Defic Res 12:111-118, 1968

32. VERGER P, BISERTE G, FARRIAUX JP, GUILLARD JM, ROULAUD F, ALBERT B: Deux
nouveaux cas d'homocystinurie. Lille Med 13:450-457, 1968

33. YOSHIDA T, TADA K, YOKOYAMA Y, ARAKAWA T: Homocystinuria of vitamin B6
dependent type. Tohoku J Exp Med 96:235 -242, 1968

34. BARBER GW, SPAETH GL: The successful treatment of homocystinuria with pyridoxine.
J Pediatr 75:463-478, 1969

35. FINKELSTEIN JD, FENICHEL GM, REICHMISTER J: Homocystinuria. Clin Proc Child
Hosp D C 25:291-307, 1969

36. GAUDIER B, REMY J, NUYTS J-P, CARON-POITREAU CH, BOMBART E, FoISSAC-GEGOUX
M-CH: Etude radiologique des signes osseux de l'homocystinurie. Arch Fr Pediatr
26:963-975, 1969

37. KAESER AC, RODNIGHT R, ELLIS BA: Psychiatric and biochemical aspects of a case
of homocystinuria. J Neurol Neurosurg Psychiatry 32:88-93, 1969

38. PARKINSON MS: Therapeutic problems of adolescent homocystinuria. Proc R Soc Med
62:909-910, 1969

39. GARSTON JB, GORDON RR, HART CT, POLLITT RJ: An unusual case of homocystinuria.
Br J Ophthalmol 54:248-251, 1970

40. CARSON NAJ: Homocystinuria (cystathionine synthase deficiency) trial of treatment
with oral pyridoxine and a normal diet, in Inherited Disorders ofSulphur Metabolism,
edited by CARSON NAJ, RAINE DN, Edinburgh and London, Churchill Livingstone,
1971, pp 284-288

41. RAHMAN M: Homocystinuria. Review of four cases. Br J Ophthalmol 55:338-342,
1971

42. MORROW G, BARNESS LA: Combined vitamin responsiveness in homocystinuria.
J Pediatr 81:946-954, 1972

43. HOLMGREN G: Urinary metabolic screening of mentally retarded patients from institutions
in the northern part of Sweden. Hum Hered 23:548-560, 1973

44. HUBERT JP, RETIF J, BRIHAYE J, FLAMENT-DURAND J: Etude anatomo-pathologique
d'un cas d'homocystinurie. Pathol Eur 8:113-126, 1973

45. RITCHIE JWK, CARSON NAJ: Pregnancy and homocystinuria. J Obstet Gynaecol Br
Commonw 80:664-669, 1973

46. VERGER P, CORCELLE L, ROULAUD F, LAIGLE J-L: L'homocystinurie (A propos d'une
nouvelle observation familiale). Bord Med 16:1893-1908, 1973

47. HAMBRAEUS L, HOLMGREN G: Urinary metabolic screening in children with psycho-
neurological diseases. Evaluation of different screening tests. Ups J Med Sci 15:3-
23, 1974

29



MUDD ET AL.

48. HOLMGREN G, HAMBRAEUS L, LESTRUP E, TANGEN 0: The effect of pyridoxine on
platelet adhesiveness in homocystinuria. Neuropaediatrie 5:402-409, 1974

49. GRIFFITHS R, TUDBALL N: Studies on the use of skin fibroblasts for the measurement
of cystathionine synthase activity with respect to homocystinuria. Clin Chim Acta
73:157-162, 1976

50. ALMGREN B, ERIKSSON I, HEMMINGSSON A, HILLERDAL G, LARSSON E, ABERG H:
Abdominal aortic aneurysm in homocystinuria. Acta Chir Scand 144:545-548, 1978

51. ANDLAUER A-C, DAVID M, FEIT J-P, ET AL.: Homocystinurie et insuffisance respiratoire
chronique. Pediatrie 33:669-681, 1978

52. VANDRESSE JH, DE SAINT HUBERT E, EVRARD P: Homocystinuria and carotid arteri-
ography. Neuroradiology 17:57-58, 1978

53. REGENBOGEN L, ILIE S, ELIAN I: Homocystinuria-a surgical and anesthetic risk.
Metab Pediatr Ophthalmol 4:209-212, 1980

54. MEYNADIER J, GUILHOU JJ, THOREL M, BARNEON G: Homocystinurie. Etude histologique
et ultrastructurale. Dermatologica 163:34-41, 1981

55. AUTRET E, RIVRON J, RAMADE J, LEROY J, BOULARD P: Forme neurologique atypique
avec choree au cours d'une homocystinurie. Ann Pediatr (Paris) 29:203-207, 1982

56. McKuSICK VA, HALL JG, CHAR F: The clinical and genetic characteristics of homo-
cystinuria, in Inherited Disorders of Sulphur Metabolism, edited by CARSON NAJ,
RAINE DN, Edinburgh and London, Churchill Livingstone, 1971, pp 179-204

57. GROBE H: Homocystinuria (cystathionine synthase deficiency). Results of treatment
in late-diagnosed patients. Eur J Pediatr 135:199-203, 1980

58. CHOU S-M, WAISMAN HA: Spongy degeneration of the central nervous system. Case
of homocystinuria. Arch Pathol 79:357-363, 1965

59. LAMON JM, LENKE RR, LEVY HL, SCHULMAN JD, SHIH VE: Selected metabolic
diseases, in Genetic Diseases in Pregnancy, edited by SCHULMAN JD, SIMPSON JL,
New York, Academic Press, 1981, pp 1-55

60. DRAYER JIM, CLEOPHAS AJM, TRIJBELS JMF, SMALS AGH, KLOPPENBORG PWC:
Symptoms, diagnostic pitfalls, and treatment of homocystinuria in seven adult patients.
Neth J Med 23:89-94, 1980

61. BOERS GHJ, SMALS AGH, DRAYER JIM, TRIJBELS FJM, LEERMAKERS Al, KLOPPENBORG
PW: Pyridoxine treatment does not prevent homocystinemia after methionine loading
in adult homocystinuria patients. Metabolism 32:390-397, 1983

62. BRENTON DP, CUSWORTH DC, BIDDLE SA, GARROD PJ, LASLEY L: Pregnancy and
homocystinuria. Ann Clin Biochem 14:161-162, 1977

63. WILCKEN B, TURNER G: Homocystinuria in New South Wales. Arch Dis Child 53:242-
245, 1978

64. MCCURDY RS, ED: Newsletter Mountain States Newborn Lab for Genetic Diseases,
vol 6, no. 1, June 1984

65. BUREAU OF THE CENSUS: Statistical Abstract of the United States: 1982-83, 103rd
ed, Washington, D.C., U.S. Government Printing Office, 1982, p 27

66. SKOVBY F, KRAUS J, REDLICH C, ROSENBERG LE: Immunochemical studies on cultured
fibroblasts from patients with homocystinuria due to cystathionine 3-synthase deficiency.
Am J Hum Genet 34:73-83, 1982

67. SKOVBY F, KRAUS JP, ROSENBERG LE: Homocystinuria: biogenesis of cystathionine
3-synthase subunits in cultured fibroblasts and in an in vitro translation system pro-
grammed with fibroblast messenger RNA. Am J Hum Genet 36:452-459, 1984

68. FOWLER B: Homocystinuria, in Aminoacidopatie Clinica, Biochimica Diagnosi Precoce,
Terapia, edited by ROMANO C, CERONE R, CARUSO U, Genova-Rapallo, Milupa Medical
Service, 1984, 111.01

69. LEVY HL, SHIH VE, MACCREADY RA: Screening for homocystinuria in the newborn
and mentally retarded population, in Inherited Disorders of Sulphur Metabolism,
edited by CARSON NAJ, RAINE DN, Edinburgh and London, Churchill Livingstone,
1971, pp 235-244

30



HOMOCYSTINURIA

70. NEWMAN G, MITCHELL JRA: Homocystinuria presenting as multiple arterial occlusions.
QJMed210:251-258, 1984

71. CROOKE JW, TOWERS JF, TAYLOR WH: Management of patients with homocystinuria
requiring surgery under general anaesthesia. Br J Anaesth 43:96-99, 1971

72. Kossowicz H: Surgical treatment of dislocated lenses in homocystinuria. Metab
Ophthalmol 1: 121-124, 1977

73. GROVER VK, MALHOTRA SK, KAUSHIK S: Anaesthesia and homocystinuria. Anaesthesia
34:913-914, 1979

74. FROST PM: Anaesthesia and homocystinuria. Anaesthesia 35:918-923, 1980
75. FUKS AB, KAUFMAN E, GALILI D, GARFUNKEL A: Comprehensive dental treatment

under general anesthesia for patients with homocystinuria. J Dent Child September-
October:340-342, 1980

76. PARRIS WCV, QUIMBY CW: Anesthetic considerations for the patient with homocys-
tinuria. Anesth Analg 61:708-710, 1982

77. SCHLESSELMAN JJ: How does one assess the risk of abnormalities from human in vitro
fertilization? Am J Obstet Gynecol 135:135-148, 1979

78. LENKE RR, LEVY HL: Maternal phenylketonuria and hyperphenylalaninemia. An in-
ternational survey of the outcome of untreated and treated pregnancies. N Engl J Med
303:1202-1208, 1980

79. CARSON NAJ: Homocystinuria: clinical and biochemical heterogeneity, in Inborn
Errors ofMetabolism in Humans, edited by COCKBURN F, GITZELMANN R, Lancaster,
England, MTP Press, 1982, pp 53-67

80. HILL-ZOBEL RL, PYERITZ RE, SCHEFFEL U, ET AL.: Kinetics and distribution of
"'1indium-labeled platelets in patients with homocystinuria. N Engl J Med 307:781 -
786, 1982

31


